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Temperature, pressure, and time have been thought to control the smectiteto-illite (S-l) reaction, an important diagenetic process used for petroleum exploration. We demonstrated that microorganisms can promote the S-l reaction by dissolving smectite through reduction of structural Fe(lll) at room temperature and 1 atmosphere within 14 days. This reaction typically requires conditions of 300° to 350°C, 100 megapascals, and 4 to 5 months in the absence of microbial activity. These results challenge the conventional concept of the S-l reaction and of reaction kinetic models.
The smcctitc-to-illite (S-I) reaction is closely related to hydrocarbon maturation (/), geopressuring of shale (2) , the formation of growth faults (3) , and changes in pore water chemistry (4) . The S-l reaction occurs approximately concomitantly with the maturation of petroleum during sediment diagcnesis. The degree of S-I reaction is frequently used as a geothomiometer to allow reconstructions of the thennal and tectonic histoiy of sedimentary basins (5) . Numerous studies have emphasized temperature, pressure, and lime as geological variables in either solid-state or dissolution-precipitation S-I reaction mechanisms (6, 7).
Here we present evidence for the neoformation of illite as a result of microbial dissolution of smectite through reduction of Fe(Ill) ■ ■ Naval Research Laboratory, Seafloor Sciences Branch, Stennis Space Center, MS 39529, USA. ^De-partment of Geology, Miami University, Oxford, OH 45056, USA. 'U.S. Geological Survey, Boulder, CO 80303, USA. *To whom correspondence should be addressed. Email: jkimis>nrlssc.navy.mil tThese authors contributed equally to this work. (9, 10) . The bioproduced Fe(II) concentration, as measured by Ferrozine assay {11), increased with time ( Fig. 1) , and the extent of reduction reached 43% in 14 days. MR-1 cells were viable by the end of incubation. Controls consisted of solutions that received cells killed by microwave radiation in place of live log-phase cells, and they did not show any reduction (Fig. 1) .
Time in days
Transmission electron microscope (TEM) lattice fringe images of the nonredueed control samples showed typical 1.3-nm spacings, suggesting that smectite was the only clay phase present, and there was no evidence of any dissolution. However, we observed two types of clay phases in the microbially Fe(III)-reduced sample at the end of the 14-day incubation ( Energy (keV) 2 4 6 Energy (keV) tite; (ii) layers of 1.0-nm spacing with continuous and defect-free fringes, which are typical of illite. These two phases were observed in an approximately 40-nm-thick packet of 1.0-nm layers in the smectite matrix, indicating that the previously occupied 1.3-nm smectite layers were neoformed to a 1.0-nm illite phase as a result of microbia! activity. Quantitative energy-dispersive x-ray spectroscopy analyses (Fig. 3) on the 1.3-nm phase showed a typical composition for smectite, with relatively abundant Fe (Fig.  3A) , whereas the 1.0-nm phase had Al/Si ratios (0.61 in average) similar to those of illite [0.60 (12) and 0.58 (13)] (Fig. 3B ). There was a significant increase in K and decrease in Si in the illite as compared with The air-dried, bioreduced smectite sample had an x-ray diffraction (XRD) peak with a 26 value at 8.82° (using Cu K-a radiation) that corresponds to a 1.0-nm d-spacing (Fig.  4A) . The sample was then treated with polyvinylpyrrolidone (PVP). PVP is preferentially sorbed on silicate surfaces, causing x-ray incoherency for smectite particles, leading to the disappearance of smectite x-ray reflections (16). Thus, the intensification of the 1.0-nm peak after PVP treatment suggests the presence of illite. The crystal size distribution (CSD) of the neoformed illite by XRD (17) followed an asymptotic shape that was different from those found for smectite in the nonreduced control and in the bioreduced sample (Fig. 4B) . The mean crystal size of the neoformed illite was 11.2 nm with |3^ = 0.75 and a = 2.06 nm, where (3^ is the variance of the natural logarithms of the crystal thicknesses, and a is the mean of the natural logarithms of the crystal thicknesses. The mean crystal thicknesses for air-dried samples of smectite in the control and the bioreduced sample were similar: 5.1 nm with P^ = 0.19 and a = 1.53 nm, and 5.3 nm with P^ = 0.16 and a = 1.51 nm, respectively, indicating that the CSD of the neoformed illite phase is different from that of smectite. The theoretical crystal growth path (18) through a and p^ space [curve 4 in figure 12 of (18)] suggests that the newly fonned illite in the bioreduced sample grows by a continuous nucleation and growth mechanism, implying the reductive dissolution of smectite and simultaneous precipitation of illite. Excess Fe resulting from the reductive dissolution of Fe-rich smectite can cause precipitation of Fe-rich minerals as byproducts, because illite contains less Fe than does smectite (Fig. 3) . Approximately 10% of the total bioproduced Fe(II), as measured by the Ferrozine method (11), was detected in aqueous solution, indicating that most biogenic Fe(II) was in solids. Indeed, siderite (FeCOj) was detected in the bioreduced smectite sample (Fig. 4, C and D) but not in the control. Abundant bicarbonate was available in the Ml medium. The peak with a 26 value at 31.6° corresponding to 0.28-nm spacing (Fig.  4C) is the most intense peak of siderite (x-ray powder diffraction database JCPDS card 29-696). Because the Ml medium also contained phosphate, vivianlte formation was a possibility. Vivianlte was not present in the XRD pattern but was detected by selected-area electron diffraction (SAED) (Fig. 4D) , suggesting its relatively low abundance.
Thus, microbes can promote the S-I reaction via the dissolution of smectite. Smectite dissolution was made possible by reduction of structural Fe(III) in the smectite structure. Considering the decrease of the positive charge in the octahedral sheet as a result of reduction of Fe(III), it is not surprising to observe K uptake into the interlayers to balance the charge and thus to produce illite. Abundant K was available in the medium. Our XRD and TEM data collectively show that bacteria promoted the S-l reaction and that the reaction mechanism was via the dissolution of reactant smectite and the neoformation of product illite.
Other studies support our conclusion that reduction of Fe(III) to Fe(ll) can drive the S-I reaction. For example. Cretaceous bentonites show an increasing percentage of illite layers in mixed-layered illite-smectite (I-S) with overall increasing Fe^'''/Fe''"'" (19) . A small www.sclencemag.org SCIENCE VOL 303 6 FEBRUARY 2004 REPORTS amount of a mica-like (same as illite-like) phase (with 1.0-nm spacing) was also observed (20) when Fe-rich smectite was chemically reduced by dithionite. However, dithionitc is not likely to occur in abundance or to play a substantial role in iron reduction in natural soil environments. In this study, we have shown that bacteria can play an important role in driving the S-I reaction.
A recent study (27) demonstrated that S. oneidensis MR-1 was able to grow with Fe(III) in the smectite structure as the sole electron acceptor. The S-I reaction was a consequence of a bacterial survival and growth strategy. Iron(III) bound in clay minerals can be an important electron acceptor supporting the growth of bacteria in natural environments. Microbes and clay minerals can coexist in shales, siltstones, and sandstones under diagenetic conditions. Metalreducing microbes have been discovered in sedimentary rocks from great depths (2700 m below the land surface) {22) and in various environments that are hot for microbial survival (up to 90° to 100°C) (23) . These conditions are similar to those under which clay minerals undergo diagenetic reactions. Natural smectites contain structural Fe(lll) to varying degrees {24). We suggest that microbial reduction of these quantities of Fe(III) is sufficient to reduetively dissolve smectite as a trigger to the S-I reaction.
The microbially promoted S-I reaction should be considered in the study of clay mineral diagenesis. Microbial activity may be responsible for the substantial S-I reaction seen in some modem mudstones, such as those from the Nankai Trough, Japan {25). These young sediments have a significant percentage of illite (indicating a large extent of S-I reaction) {25) and sulfate-reducing microbes (26) . It is reported that many sulfatereducing bacteria can also reduce Fe(III) in mineral structures {27). Inorganic reaction is a very slow process under the site conditions.
